2 Background 3 Trichomonas vaginalis is an amitochondrial parasitic that causes human trichomoniasis, 4 the most common non-viral sexually transmitted infection in the world. The therapy of 5 choice is metronidazole (MTZ). Despite MTZ effectiveness, resistant cases are 6 becoming more frequent. Another point to emphasize are the side effects that may result 7 in treatment discontinuation, leading to further spread of infection and emergence of 8 resistant strains. This scenario reveals the need to develop new therapeutic options. 9 Photodynamic therapy (PDT) is an experimental treatment that involves the activation 10 of photosensitive substances and the generation of cytotoxic oxygen species and free 11 radicals to promote the selective destruction of target tissues. A previous study, from 12 our group, identified an excellent in vitro PDT activity using methylene blue and light 13 emitting diode against MTZ sensitive and resistant strains of T. vaginalis. The aim of 14 this study was to evaluate the efficacy of PDT in vivo and clarify its high 15 trichomonicidal potential by evaluating its action upon T. vaginalis trophozoites through 16 transmission electron microscopy (TEM). 17 18 Methodology 19 Seven-week-old female Balb/c mice were infected intravaginally with T. vaginalis 20 trophozoites. On the third day of infection, methylene blue was introduced into the 21 vaginal canal of the animals, which then received 68.1 J / cm 2 of radiation for 35.6 sec. 22 Control groups without infection and infected, treated with metronidazole were also 23 included for comparison. Twenty-four hours after treatment the vaginal canal of the 24 animals was scraped and the samples processed by the immunocytochemistry technique.
Introduction 70
Trichomonas vaginalis, the causative agent of human trichomoniasis, is not only the 71 most prevalent non-viral sexually transmitted pathogen in the world [1] , but also 72 enhances human immunodeficiency virus (HIV) transmission and it can also lead to 73 cervical and prostate cancer [2] . 74 Nitroimidazoles, such as metronidazole (MTZ), have been the drugs of choice 75 for the treatment of the disease [3]. However, the success of the treatment is limited by 76 the side effects that lead to the discontinuation of the therapeutic regimen [4] , promoting 77 the emergence of resistant isolates, impairing the control of the disease [5] . This 78 scenario indicates the great need for the development of new anti-Trichomonas 79 therapeutic options for a more efficient control of the disease, reduction of the risks to 80 the patients health, besides the reduction of the emergence of resistant strains. 81 PDT is an experimental treatment with great therapeutic potential for neoplastic 82 and non-neoplastic diseases [6] . As a basic principle of the technique, visible light 83 activates a photosensitizing substance accumulated in tissue or organisms [7] . The 84 interaction between the excited photosensitizer in the presence of molecular oxygen 85 triggers the production of singlet oxygen ( 1 O 2 ) as well as other reactive oxygen species 86 (ROS) [8] , inducing cell death by necrosis or apoptosis [9] . Several cellular 87 organelles/components can comprise targets, such as nucleic acids, plasma membrane, 88 mitochondria, endoplasmic reticulum and cytoskeletal structure [10] . 89 In a previous study, our group demonstrated the excellent trichomonacidal 90 activity of PDT using methylene blue [11] . High reduction of trophozoite numbers 91 (approximately 90%) was observed with only one in vitro photodynamic treatment 92 session. High anti-T. vaginalis activity was observed upon a MTZ-resistant isolate, 93 point out the use of PDT as an alternative therapy in trichomoniasis. Thus, here we evaluated the efficacy of PDT in experimentally infected animals 95 and approached its mechanism of action on T. vaginalis cells. and PDT tube received irradiation from the bottom up at three energy density range 120 (E.D: 68.1 J/cm 2 ; 95.45 J/cm 2 and 122.7 J/cm 2 ). At the end of this process, YI-S 121 medium was added to all tubes to a final volume of 6 mL. The tubes were incubated for 122 24 h in a bacteriological incubator at 37°C. After incubation, the viability and 123 quantification of the trophozoites were determined using a flow cytometer (FACScan, 124 Becton Dickinson, Franklin Lakes, NJ, USA) with a 1 mg/mL concentration of 125 propidium iodide (PI -Thermo Fisher Scientific, USA). The analysis was performed 126 using Cell Quest ProTM software (Becton Dickinson, USA), and 50.000 events were 127 acquired for each sample inside the gate. All experiments were performed in triplicate 128 and repeated at least two times. 
154
The pre-estrogenization procedure followed the protocol standardized by [13] . 155 Then, on day 0 and day 1 all animals were infected intravaginally with 1 x 10 7 T. 156 vaginalis trophozoites, strain JT (sensitive to MTZ). In a previous study [15] , this strain 157 was shown to be significantly more resistant to PDT than the CDC 085 strain (resistant 158 to MTZ), so we employed it for the in vivo assays. processed for the immunocytochemistry technique, as previously described [14] . For 167 each experimental group, the trophozoites were quantified in ten random microscopic 9 9 168 fields the intensity of the infection was considered intense (above 12 trophozoites per 169 field), moderate (5 to 11 trophozoites per field) and low (1 to 4 trophozoites per field). 
Results

185
Microscopic analysis showed that the parasites were blue MB-stained, indicating that 186 the 30 minutes exposure was sufficient for the photosensitizer to react with the 187 protozoan compartments (Fig 1) . (Fig 2A and 2B) . 205 In the presence of only MB, the trophozoites exhibited several changes in their 206 ultrastructure. Some parasites displayed centripetal relocation of the organelles to the 207 inner (more anaerobic) portions of the cytoplasm (Fig 2C) , accumulation of numerous 208 glycogen granule aggregates, dilated hydrogenosomal peripheral vesicles, moderate 209 vacuolation and slightly reduced cytoplasmic electron density ( Fig 2D) .
210
In the PDT groups, process of phagocytosis of hydrogenosomes from the 211 extracellular medium (Fig 2E) associated with a cytoplasmic exclusion zone 212 characterizing the cytoskeleton participation in the parasite cannibalism. In addition, the 213 presence of large and numerous autophagosomes with high cytoplasm-derived content, 214 highly extracted cytoplasmic matrix, small expansion in the Golgi cis region with many 11 11 215 budding vesicles, low hydrogenosome numbers, and dilated endoplasmic reticulum 216 cisternae are prominent ( Fig 2F) .
217
Many trophozoites presented membrane-containing autophagosomes located at 218 the periphery of the cells and fusing with the plasma membrane ( Fig 2G) . The advanced 219 PDT effects included intense cellular damage, with structural disorganization and 220 intense vacuolization, membrane discontinuity, extensive cytoplasmic extraction, and 221 large debris assemblies ( Fig 2J) . The resistant trophozoites CTR and LC groups, presented typical hydrogenosomes, but 239 with reduced dimensions as compared to the sensitive strain, normal cytoskeleton and 240 intact organelles including nuclei, which were eventually multiple (Fig 3 A and 3B ).
241
The presence of MB, without irradiation, led to decreased hydrogenosomal 242 electrodensity and dilated endoplasmic reticulum cisternae (Fig 3C) .
243
The early effects of PDT are marked by granular hydrogenosome matrix and 244 high vacuolization, followed by membrane discontinuity leading to cytoplasmic 245 extraction ( Fig 3D) . We also observed the formation of large myelin-like Figs 246 containing cytoplasmic material with glycogen granules (Fig 3E) .
247
A frequently observed event in the resistant strain, apparently exacerbated by 248 PDT, was the formation of numerous surface interdigitations among adjacent 249 trophozoites, indicating extensive cannibalism associated with necrotic areas. Both 250 exocytosis and endocytosis of granular material were observed ( Fig 3G) , and 251 internalized flagella were also detected ( Fig 3H) . whereas the other half had a moderate one (Fig 4) . In addition, 25% of the animals in 277 the MB group had intense, 50% moderate and 25% mild type infections. The animals in 278 the PDT group showed 37.5% mild infection and 62.5% were absent. These data 279 demonstrate that PDT significantly (p < 0.05) reduced infection in animals treated with 280 a single treatment session, being statistically as efficient as the MTZ group (Fig 4) . 
304
In previous work, our group confirmed the efficacy and safety of photodynamic 305 treatment with MB on susceptible and resistant strains of T. vaginalis [11] . Among the 306 photosensitizers currently used, MB, a phenothiazine compound, has proven PDT-307 associated activity [18, 19] . In this work, we used LED technology that, although less 308 common in PDT, proved to be a good alternative in the treatment of cutaneous and 309 mucosal wounds [20] . In the sensitive strain, the trophozoites of the CTR and LC groups showed usual 314 ultrastructure, presenting intact cytoplasmic organelles. However, in the presence of 315 MB, without irradiation, we observed a centripetal migration of the organelles to the 316 more anaerobic inner portion of the cells. It is possible that oxidative stress functions as 317 a stimulus, causing the organelles such as hydrogenosomes to associate to the axostyle, Surviving cells can feed on the nutrients released by dead sibling cells or on 339 attacking the cells per se, in a behavior termed "cannibalism" [24] . Microbial 340 cannibalism was reported in cilliated protozoa [25] , dinoflagellates [26] and T. vaginalis 341 [27], characterized by the attack of living cells of the same strain. In the PDT groups, 342 such mechanism of phagocytosis of nutrients from the external environment may 343 comprise an energy source for parasite survival.
344
In addition, parasites of the sensitive strain exposed to PDT presented intense 
379
As observed in the sensitive strain, MB groups did not demonstrate the same 380 extent and severity of damage as compared to PDT groups in the resistant strain.
381
Among the PDT groups of resistant strain, events of extensive cannibalism were 382 frequently observed, characterized by numerous interdigitations among adjacent 383 trophozoites associated to areas of necrosis. Such behavior may comprise an 384 intraspecific competition mechanism triggered by starvation stress [25] . In addition, this 385 mechanism could control the parasite load, possibly leading to asymptomatic infections 386 [27] . The changes caused by PDT in the parasite T. vaginalis are different from those 404 caused by MTZ, already described in the literature. Nielsen [42] did not observe a 405 difference in the hydrogenosomes, called at the time of "chromatic granules", describing 406 only digestive vacuoles that may in part correspond to the autophagic vacuoles. Our 407 work has shown, in addition to the autophagic vacuoles, the destruction of the 408 hydrogenosomes that can result from oxidative stress. In view of the ultrastructural Furthermore, the efficacy of in vivo PDT was demonstrated in this study, with 413 the parasite load in the PDT group being significantly reduced with only 1 treatment 414 session (37.5% of the animals had mild infection and 62.5% absent), thus indicating that 415 PDT may comprise not only as alternative therapy for refractory cases, but also as 416 therapy of choice for this neglected parasitic disease. 
